Effect of ceramic density and curing pressure on properties of a resin infused alumina by Jokhadar, Hossam Faisal
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2017
Effect of ceramic density and
curing pressure on properties of a
resin infused alumina
https://hdl.handle.net/2144/26198
Boston University
BOSTON UNIVERSITY 
HENRY M. GOLDMAN SCHOOL OF DENTAL MEDICINE 
 
DISSERTATION 
 
EFFECT OF CERAMIC DENSITY AND CURING PRESSURE ON 
PROPERTIES OF A RESIN INFUSED ALUMINA 
 
by 
HOSSAM F JOKHADAR 
 
Bachelor of Dental Surgery. October 6 University, 2005 
Postdoctoral Prosthodontics Certificate. Nova Southeastern University, 2012 
Master of Science. Nova Southeastern University, 2013 
 
 
Submitted in partial fulfillment of the requirements for the degree of 
Doctor of Science in Dentistry 
In the Department of Restorative Sciences and Biomaterials 
2017 
  
 
 Approved by: 
 
 
 
First Reader _________________________________________________________  
 
RUSSELL A. GIORDANO II, D.M.D, D.M.Sc. 
 
Director of Biomaterials and Associate Professor 
Department of Restorative Sciences and Biomaterials 
Boston University, Goldman School of Dental Medicine 
 
 
 
 
 
Second Reader    _________________________________________________________ 
YUWEI FAN,  
 
Research Assistant Professor 
Department of Restorative Sciences and Biomaterials 
Boston University, Goldman School of Dental Medicine 
 
 
 
Third Reader     _________________________________________________________ 
MOHAMMAD HOSSEIN DASHTI. 
 
Clinical Associate Professor 
Department of Restorative Sciences and Biomaterials 
Boston University, Goldman School of Dental Medicine 
 
 
 
 
iii 
DEDICATIONS 
 
To my parents, Mr. Faisal Jokhadar and Mrs. Khadijah Abuouf, for all of your support 
throughout my education. With your unconditional love and guidance I have been able to 
attain my goals. Additionally I would like to dedicate this thesis to my wife Dr. Mai 
Almarzouki, for all of your encouragement throughout this process.  
 
 
 
 
 
 
 
 
 
 
 
  
iv 
ACKNOWLEDGMENTS 
There are many wonderful people who have helped me go through difficult and 
challenging times in academic life.  
First foremost, I would like to thank Dr. Giordano, my research advisor, for giving me 
the opportunity to be here, and for giving me advice and research guidance for the past 3 
years. It was my pleasure to work with him.  
I would like to thank Dr. Fan for being my great co-advisor who always inspires and is 
there for me when I need help. His genius and dedicated work always impress me. 
I would like to thank Dr.Dashti for continuous support and motivation for my doctoral 
degree study and related research. 
I would like to thank Dr. Nathanson for accepting me into this program and for his 
exceptional leadership and valuable advices.  
I would like to thank all my friends who are standing by my side and giving me much 
needed support. 
Finally, I would like to thank my family.  They always stand by my side, always support 
and understand me, They give me their back without hesitation in the difficult times of 
my life. Without anyone of them I mentioned above, I would not be here today. 
  
v 
EFFECT OF CERAMIC DENSITY AND CURING PRESSURE ON 
PROPERTIES OF A RESIN INFUSED ALUMINA 
HOSSAM F JOKHADAR 
Boston University, Henry M. Goldman School of Dental Medicine, 2016 
Major Professor: Russell A. Giordano II, Professor of Prosthodontics 
ABSTRACT 
Objectives: To investigate the effect of sintering temperature on the microstructure and 
density of resin infused alumina, to investigate effect of sintering temperature and curing 
pressure on flexural strength, surface roughness, Young’s modulus, hardness and fracture 
toughness of resin infused alumina.   
Materials: Alumina infused polymer and Vita In-ceram Alumina.  
Methods: Alumina powders were dry-pressed in a stainless steel mold to produce 
cylindrical alumina blocks. Blocks were divided into four different groups sintered at 
four different temperatures (1050ºC,1150ºC,1200ºC,1250ºC). The density of each block 
was measured.  They were silane treated, and then infused with a UDMA mixture under 
vacuum condition. Infused alumina blocks were cured with an Isopress machine at two 
different pressures (20,001 psi and 23,187 psi) then cut into discs 1.5 mm thick x 14 mm 
diameter, n=8 for each group. Biaxial flexural strength was measured using an Instron 
Universal Testing machine at 0.5 mm/min crosshead speed. Surface roughness was 
measured with a Mitotoyu profilometer. Hardness was measured using a Vickers 
vi 
hardness test using Instron-produced indentations at 15 newton load for 30 seconds. 
Young’s modulus was measured by compressive Young’s modulus method using the 
Instron machine at 0.5 mm/min crosshead speed. Fracture toughness was measured using 
the Vickers indentation fracture toughness test. Microstructure of each group was 
investigated with a scanning electron microscope (SEM).  
Results: Data were analyzed with One-way ANOVA with Tukey-Kramer HSD for 
comparison of all pairs at p<0.05 was used to determine statistical difference between 
groups.  
Conclusion: The biaxial flexural strength, surface toughness, hardness, Young’s modulus 
and fracture toughness increase as density of resin infused alumina increases. 
Interpenetrating phase material provides greater biaxial flexural strength and fracture 
toughness than single-phase alumina ceramics. Curing pressure has a significant effect on 
the biaxial flexural strength of polymer infused alumina blocks.  
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PREFACE 
This thesis is submitted in partial fulfillment of the requirements for the degree of 
Doctor of Science in Dentistry in the Department of Restorative Sciences and 
Biomaterials. The aim of this study was to develop a novel resin-infused ceramic for 
dental restorations. This thesis may be a good guideline for further investigation by a 
person who is interested in the interpenetrating phase materials.  
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2 
What are ceramics? 
The term “ceramic” came from the Greek “Keramos” which means pottery and is 
closely related to the Sanskrit term for “burned earth” which describes the origin of the 
basic component of ceramics.1 
Ceramics are non–metallic, inorganic structures, primarily containing compounds 
of oxygen with one or more metallic or semi metallic elements. They may consist 
primarily of glasses, porcelains, glass-ceramics, or highly crystalline structures.2  
Ceramics are unique in their chemical, mechanical, physical and thermal 
properties due to the nature of their inter-atomic bonding which is ionic and covalent. 
Each unit cell consists of a carbon atom sharing electrons with the four surrounding 
carbon atoms. This structure is bonded by strong covalent forces, which result in hard, 
stiff and brittle materials.2 
Ceramics are characterized by chemical durability, which is very important 
because it ensures resistance to both corrosion and to the release of harmful elements. 
This will reduce the risk for surface roughening and susceptibility to bacterial adhesion 
over time. Dental ceramics have favorable optical properties and excellent ability to 
match the natural appearance of teeth.2  
Customization of the properties of dental ceramics to various dental applications 
can be achieved by precise control of the type and amount of the components used in 
their production. Subsequently, microstructural composition exhibits in various forms: 
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pure glass, or pure crystalline structure, or combinations of both in different percentages. 
In general, the glassier the microstructure, the lower its strength and the more translucent 
it will appear. The more crystalline the microstructure, the higher its strength and the 
more opaque.3 
Ceramics were introduced in dentistry in the late 1700s. Since then, specific 
ceramics were developed and researched for various dental applications including denture 
teeth and dental restorations.4  
Murphy, in 1873, fabricated the first inlay ceramic restoration using porcelain 
fused onto a thin platinum base but because of some of its properties, such as firing 
shrinkage of around 30%, marginal gap was unacceptable.5 
Dr. Charles Land in 1903 fabricated the first ceramic crown and described a 
method for fabricating ceramic crowns using platinum foil matrix and high-fusing 
feldspathic porcelain. This “jacket crown” is considered to be the ancestor of all ceramic 
restorations. These crowns exhibited excellent esthetics due to high transparency. 
However, porcelain jacket crowns were not known for strength and durability although 
they were limited to anterior teeth due to low flexural strength.2 
Then, in 1962, Weinstein patented two major discoveries, which significantly 
improved the strength of dental ceramic restorations by reducing inherent internal micro 
cracks formed during fabrication. First, he developed metal compatible porcelain by 
mixing a controlled amount of high-expansion leucite with feldspar glass at the 
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manufacturing stage to increase the coefficient of thermal expansion from 10.7 x 10-6 /°C 
to 13-15 x 10-6 /°C and make it just slightly lower than the metal base. This leaves the 
porcelain slightly under compression. Because ceramics are stronger under compression 
than tension this will improve the ceramics’ resistance to shattering. Second, he described 
a method to produce an alloy that bonded chemically to and was thermally compatible 
with feldspathic porcelain. 2,6 
For more than 35 years many researchers and dental laboratory technicians 
continuously investigated techniques, methods and materials used for metal-ceramic 
restorations and this led to improvements in mechanical and physical properties. As a 
result it became a very successful, widely used system in dentistry.  
However, there are two major disadvantages, which have been reported in metal-
ceramic restorations. First is chipping of the veneering porcelain due to the brittle nature 
of ceramics. Second, is a lack of translucency because of the metal substructure. 7,8 
Moreover, esthetics demands increased by patients seeking more natural looking 
restorations. Subsequently, metal free restorations became more popular with the 
development of several types of all-ceramic systems. 9,10 
 
 
 
 
 
5 
Classifications of dental ceramics 
Dental laboratories produce many different types of dental ceramics. The dentist 
and lab technician should decide which dental ceramics fit their specific clinical situation, 
such as anterior or posterior restoration, full coverage or partial coverage restoration, 
single crown or fixed partial denture. Moreover, they need to choose which processing 
method can provide them with the desired results. 
In order to simplify the selection process several ways of dental ceramics 
classification were implemented. Classification by microstructural composition and 
processing technique can provide very useful information about each type of dental 
ceramic.3 
1-Classification of dental ceramics according to microstructural level can define the 
nature of their composition of glass-crystalline ratio: 
• Category 1: glass-based systems (mainly silica) 
• Category 2: glass-based systems (mainly silica) with fillers, usually          
crystalline (typically leucite or a different high-fusing glass) 
- Subcategory 2.1: Low to moderate leucite-containing feldspathic glass  
- Subcategory 2.2: High leucite-containing, glass-ceramics  
- Subcategory 2.3: Lithium disilicate glass-ceramic  
• Category 3: crystalline-based systems with glass fillers (mainly alumina) 
• Category 4: polycrystalline (alumina and zirconia).  
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In general, most of dental ceramic materials can be processed by more than one 
technique.  Although a material may have the same microstructural composition, the 
processing technique may influence the success of the final restoration.  For instance, 
machined blocks of materials have reported to possess better mechanical properties than 
powder/liquid forms of the same material due to lesser amounts of bubbles and flaws in 
the finished restoration.3 
2-Classification of dental ceramics according to processing technique: 
• Powder/liquid glass-based system 
• Pressable: glass-based systems 
• CAD/CAM: Subtractive/Additive 
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Alumina based ceramics (crystalline-based systems with glass fillers) 
The introduction of aluminum oxide dental ceramic system started in 1965 when 
Mclean and Hughes describe a method for strengthening porcelain crowns. They 
fabricated aluminous core ceramic consisting of a glass matrix containing between 40 and 
50 wt% of (Al2O3). And because of the excellent bond between alumina and the glass 
phase a significant improvement of flexural strength of core material, approximately 131 
MPa with a shear strength of 145 MPa, was achieved. However, due to a lack of 
translucency of the aluminous core materials, a layering with veneer feldspathic porcelain 
was required for better esthetics.2,4 
Clinical studies reported a 2% failure rate for anterior crowns and a 15% failure 
rate for molar crowns for 5 years. This limited the recommendation of this type of 
alumina based ceramics to anterior crowns. 
Then, in 1989, Vita Zahnfabrik introduced a high strength ceramic, In-Ceram 
alumina, which increase alumina content from 50% to 70% wt%. This was fabricated 
through the slip casting technique. This technique utilizes alumina-based slip painted 
over a porous refractory die. The porosity of the refractory die will help in absorbing the 
water from the slip by capillary action and leave the slip material more condensed after 
sintering at 1100°C for 4 hours. Then the partially sintered core is infiltrated with glass 
and sintered again at 1150°C for another 4 hours.11,12 After that, the alumina-based core 
material is veneered with compatible veneering porcelain.13  
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This technique leads to fewer processing porosities and defects and leads to a high 
strength ceramic system. The flexural strength of slip cast alumina material is around 450 
MPa, which makes it qualify for short span fixed partial dentures for anterior teeth. 4,14 
Since In-Ceram Alumina has low esthetic properties, In-Ceram Spinell 
(MgAl2O4), a mixture of alumina and magnesia, was developed as an alternative core 
material. This material provides better translucency and esthetics, at the expense of 
flexural strength, so this material is recommended for anterior crowns only.15,16  
This low strength characteristic remains a major disadvantage for In-Ceram 
Alumina and In-Ceram Spinell for posterior short span fixed partial dentures. 
Subsequently, In-Ceram Zirconia was developed.17 
Addition of partially stabilized zirconia to original In-Ceram alumina improves 
the flexural strength of alumina-based ceramics due to a crack deflection mechanism and 
stress-induced transformation toughening.18,19 The flexural strength of In-Ceram Zirconia 
core material ranges from 487-699 MPa, 20,21 which makes it acceptable for use as 
framework substructure for short span fixed partial dentures. However, connector size 
should be designed properly to prevent framework fracture.22 
 
 
 
 
9 
High-Strength oxide ceramics (polycrystalline)  
This category of ceramics is composed of monophase polycrystalline 
microstructure without a glassy matrix. Due to nature of its microstructural composition 
it is considered the highest in flexural strength.  
In 1993 Procera AllCeram introduced the first fully dense polycrystalline ceramic 
for dental application. Crowns of this system are fabricated on fully sintered high purity 
“99.9%” alumina copings veneered with compatible porcelain. Copings of this type of 
ceramic material require CAD/CAM technology which scans a die of a prepared tooth 
and sends data to a milling unit to produce an enlarge die. Then core ceramic material is 
formed by dry pressing alumina oxide powder onto the dies, milled and then sintered at 
1600° C. Sintering shrinkage of 15%-20% compensates for the oversized ceramic coping 
leading to a precise fit to the prepared tooth. 2,23 Flexural strength was reported to be 
approximately 600 MPa.24 This type of ceramic material is recommended for single 
crowns and short span fixed partial dentures in the posterior region.  
The use of yttrium tetragonal zirconia polycrystalline (Y-TZP) based material has 
rapidly increased. This ceramic material referred to as zirconia has a unique 
microstructural polymorphic property. It has three forms: the cubic, tetragonal and the 
monoclinic phase.25 Typically zirconia exists in its monoclinic form. Addition of 3 mol% 
yttria (Y2O3) to pure zirconia will partially stabilize the zirconia in tetragonal form. Stress 
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can induces transformation from the tetragonal to the monoclinic form, which has lower 
density and can resist crack propagation around a crack tip.26,27 
Originally, yttrium tetragonal zirconia polycrystalline (Y-TZP) was used in 
orthopedics for hip replacement due to its excellent dimensional and chemical stability 
and high flexural strength.28 In the 1990s, dentistry adopted this material as the ceramic 
used to fabricate endodontic posts. 29,30 Literature reported that the flexural strength of 
(Y-TZP) is significantly higher than other ceramic materials, that it ranges from 900 to 
1100 MPa and has fracture toughness between 8 to 10 MPa m1/2. 31,32 As result this 
material has been used for crowns and fixed partial denture frameworks.33 It was 
designed to be used with CAD/CAM systems and utilize a milling unit to process the 
restoration from either fully sintered or partially sintered blocks. 25,34 Partially sintered 
blocks show significant reduction in milling time and micro crack formation.3 
Recently, full contoured zirconia has become more popular because of problems 
associated with veneering porcelain such as chipping and cracking,35 although the high 
opacity of this material limited its dental application to crowns on posterior teeth, 
multiple unit fixed partial dentures, and implant abutments.36 
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Interpenetrating phase resin infused ceramic 
Materials containing an inter-penetrating phase microstructure are relatively 
common in biology. Bones in mammals and the trunks and limbs of many plants are 
examples of this microstructural composition.37 Synthetic interpenetrating phase 
materials can be produced in different combinations, such as: metal-ceramic,38 polymer-
ceramic,39 polymer-polymer or ceramic-ceramic composites.40,41 Initially, many studies 
have reported that multiple phase materials can significantly improve the physical 
properties of each composing material.11,12,42 Flexural strength and fracture toughness of 
alumina/epoxy interpenetration phase materials and conventional alumina were 
investigated. Results showed higher flexural strength and fracture toughness with 
interpenetrating phase material, which is because different interconnected phases provide 
interfacial crack deflection which can limit crack propagation.43 
Previously, composite materials used to be fabricated by inserting a discrete, 
dispersed and isolated phase into homogeneous matrix materials, which reduces the 
concentration and incorporation of the second phase into the matrix.  
The first interpenetrating phase ceramic used in dentistry was In-Ceram alumina 
made by Vita Zahnfabrik. As mentioned before, this material has a porous alumina 
structure infiltrated with glass and it has good mechanical properties. However, this 
material is very opaque and veneering porcelain is required for better esthetics.  
12 
Clarke, in 1992, described a method for fabricating interpenetrating phase resin 
infused ceramic. The goal was to design a three-dimensional interconnected composite 
microstructure and possibly improve the development of materials with truly 
multifunctional properties in which each phase contributed to the properties of the final 
composite. The ceramic phase would provide the elastic stiffness prior to failure and the 
polymer phase would provide a crack bridging effect after ceramic cracking. Moreover, 
the presence of two connected phases within this hybrid material would increase fracture 
resistance and limit crack propagation due to interfacial crack deflection.37 
The microstructural composition of interpenetrating resin ceramics consists of an 
interconnected ceramic network and resin based organic material. The fabrication process 
of this material begins with the preparation of a ceramic body from a die pressed ceramic 
powder which is then partially sintered into a ceramic block to achieve appropriate 
density. This is called “preform”. At this stage ceramic particles will crystalize and 
shrink. As a result the ceramic particles will start connecting and form “necks”. Thus this 
not fully dense preform offers pore channels to allow capillary flow, but still has 
adequate rigidity for maintaining shape and size during infiltration. Next, salinization is 
achieved by capillary action to ensure complete infiltration of silane material. 
Subsequently, ceramic blocks are dried and infiltrated with resin using negative pressure 
to force liquid resin inside capillary channels of the ceramic blocks. Finally the infused 
block is transferred to a strong metal chamber and cured under pressure.37,41  
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Many factors can affect the mechanical and optical properties of final resin 
infused interpenetrating phase material, such as particle size, pore size, initial density and 
the infused resin material. Moreover, different processing techniques also can effect final 
material properties such as theoretical density, curing pressure and type of silane 
material. Recently, many researchers have investigated different aspects of resin infused 
glass ceramic.37 Vita Enamic material reported flexural strength between 150-160 MPa, 
hardness of 2.5 GPa and fracture toughness of approximately 1.5 MPa√m.44,45 Very 
limited data on resin infused alumina has been reported and the physical properties of this 
material are still unclear. Investigating the effect of theoretical density, polymer curing 
pressure and silane materials on mechanical and optical properties of resin infused 
interpenetrating phase alumina material could be beneficial for fabricating successful 
restoration. 
Chaiyabutr et al. in 2009 investigated the effect of different powder particle size 
on the mechanical properties of sintered alumina, resin and glass infused alumina. Three 
different alumina powders, In-Ceram alumina, A16SG and RC172 were selected to 
represent different particle sizes ranging from < 0.3 to >1.2 um. In-Ceram alumina was 
prepared for slip casting while A16SG and RC172 were dry-pressed. Blocks were 
sectioned into disks and sintered at four different temperatures between 1250° C and 
1400°C for 2 hours to represent four different theoretical densities. Then disks were 
separated into two groups for glass and resin infusion. Biaxial flexural strengths were 
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tested with universal testing machine (Instron) at 0.5-mm/min crosshead speed. They 
found that the strength of the alumina matrix was increased by glass and resin infusion, 
and that a smaller particle size of alumina and resin infused alumina have significantly 
higher biaxial flexural strength.41 
In this study, the effect of sintering temperature and curing pressure on biaxial 
flexural strength, surface roughness, hardness, Young’s modulus and fracture toughness 
of interpenetrating phase resin infused ceramic material were investigated. This material 
was designed for CAD/CAM technology and process as a full contoured monolithic 
restoration from a prefabricated block. Therefore, the full infusion of partially sintered 
blocks was performed, then sectioned for different mechanical tests. Finally, they were 
compared to one chair-side CAD/CAM material for a fracture toughness test. 
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Objectives 
The objectives of this study were as follows: 
1. To investigate the effect of sintering temperature on the microstructure and 
density of Alumina ceramics. 
2. To investigate the effect of curing pressure on the flexural strength of resin-
infused Alumina ceramic.  
3. To investigate the flexural strength of resin-infused Alumina fabricated at various 
sintering temperatures. 
4. To investigate the surface roughness of resin-infused alumina fabricated at 
various sintering temperatures.  
5. To investigate the Young’s modulus of resin-infused alumina fabricated at various 
sintering temperatures. 
6. To investigate the hardness of resin-infused alumina fabricated at various 
sintering temperatures.  
7. To investigate the fracture toughness of resin-infused alumina fabricated at 
various sintering temperatures.  
8. To compare fracture toughness of study materials and commercial CAD/CAM 
monolithic material. 
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Hypotheses 
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Null Hypotheses 
1. There is no significant effect of pressure during curing on the flexural strength of 
resin-infused Alumina ceramics. 
2. There is no significant effect of sintering temperature on the flexural strength of 
resin-infused Alumina ceramics. 
3. There is no significant effect of sintering temperature on the surface roughness of 
resin-infused Alumina ceramics. 
4. There is no significant effect of sintering temperature on the Young’s modulus of 
resin-infused Alumina ceramics. 
5. There is no significant effect of sintering temperature on the hardness of resin-
infused Alumina ceramics. 
6. There is no significant effect of sintering temperatures on the fracture toughness 
of resin-infused Alumina ceramics. 
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Materials 
1. Ceramic powder, Alumina CT3000 SDP, was provided by Almatis Calcined 
Alumina, Leetsdale, PA USA. (Figure 1) 
 
2. Urethane dimethacrylate resin was prepared as follows 
a. 620 grams Diurethane dimethacrylate (UDMA) 
b. 380 grams Triethylene glycol dimethacrylate (TEGDMA) 
c. 3 grams Benzoyl peroxide (BPO)  
 
3. Silane solution 
a. 200 ml Ethanol 
b. 200 ml RO water 
c. 4 grams 3- methacryloxypropyltrimethoxysilane  
d. Glacial acetic acid 
4. Vita In-Ceram AL block by (Vita Zahnfabrik, Bad Sackingen, Germany) 
(Figure 2) 
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Figure 1 Alumina powder (Almatis Calcined Alumina) 
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Figure 2 Vita In-ceram AL block 
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Methods 
Fabrication of the porous alumina ceramic matrix    
In this study, a hardened steel die set, size 9/16 inch (14.3 mm) diameter, was 
used. Alumina powder (7 gm) was poured and pressed inside the cylindrical die and the 
internal diameter was used as mold for pressing (Figure 3). Each specimen was prepared 
using a single acting upper punch. Pressing load of 3000 lbs was applied axially using a 
manual hydraulic press (Carver Laboratory Press) (Figure 3). Then cylindrical specimen 
was pushed out from the bottom of the die using a push out punch and larger diameter 
cylinder on top (Figure 4 and 5). Each specimen’s volume and weight was measured to 
calculate density. Forty-eight blocks of Alumina ceramic matrix was prepared.  
24 
 
Figure 3 9/16 inch (14 .3 mm) internal diameter metal cylinder with the plungers 
inserted 
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Figure 4 Carver Laboratory Press 
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Figure 5 Push out punch 
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Sintering process 
Forty pressed block specimens were marked and identified. Four blocks per group 
were partially sintered at the sintering temperatures of 1050, 1100, 1125, 1150, 1200, 
1250, 1300, 1325, and 1350 °C in a high-temperature sintering furnace (Zircar HOT 
SPOT 110 Lab,	Zircar Zirconia Inc) (Figure 6). Two segmental sintering process was 
programed as a ramp rate of 5 o C /min, held for one hour at 600 oC for binder burnout, 
then held for 2 hours at each group’s sintering temperature. Sintering cycles for the 
alumina ceramic matrices are shown in Figure 6. Alumina blocks after partial sintering 
are shown in (Figure 7) 
 
Figure 6 Zircar HOT SPOT 110 LAB FURNACE  
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Figure 7 Firing protocol for alumina blocks 
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Figure 8 Alumina blocks after partial sintering at various temperatures 
 
Each specimen was measured for height and diameter using a Mitutoyo  
Digital Indicator with conical point (Figure 9) then weighed with an analytic balance 
(Figure 10)  
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Figure 9 Mitutoyo digital indicator measuring specimen dimensions 
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Figure 10 Analytic balance measuring specimen weight 
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Density calculation 
Densities of partially sintered cylinders were calculated from the following 
equation:  𝜌 = 𝑚𝑣  
 
Where 𝜌  = sintered density (g/cm3), 𝑚 = mass of porous block (g), 𝑣 = volume of 
porous ceramic block (cm3) 
 
The fraction theoretical density was calculated from the following equation: 
∅ =  𝝆𝒑𝒐𝒓𝒐𝒖𝒔𝝆𝒇𝒖𝒍𝒍𝒚 𝒅𝒆𝒏𝒔𝒆 
 
Where ∅ = fraction theoretical density, 𝜌!"#"$% = sintered density of porous ceramics,   𝜌!"##$ !"#$"  = sintered density of fully dense ceramics 
The percent of ceramic phase was calculated from the following equation: 𝑃𝑒𝑟𝑐𝑒𝑛𝑡  𝑐𝑒𝑟𝑎𝑚𝑖𝑐  𝑝ℎ𝑎𝑠𝑒 %𝑐𝑒𝑟𝑎𝑚𝑖𝑐 =   ∅  ×  100 
 
Percent porosity was calculated from the following equation:  𝑃𝑒𝑟𝑐𝑒𝑛𝑡  𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦  %𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =   100 −   𝑃𝑒𝑟𝑐𝑒𝑛𝑡  𝑐𝑒𝑟𝑎𝑚𝑖𝑐  𝑝ℎ𝑎𝑠𝑒 
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Silanization 
The process of silanization was achieved as follows. The silane coupling agent 
was made by adding four grams of 3-methacryloxypropyltrimethoxysilane to 400 ml of 
ethanol and 400 ml of RO water. This solution was swirl mixed for a 5 minutes (Figure 
11). The solution pH was measured with pH paper and adjusted with acetic acid to pH 4. 
Then specimen blocks were placed on plastic dishes followed into which the silane 
solution was slowly poured until it reached half-height of the specimen to confirm 
infiltration of the silane solution by capillary action. The plastic dish with specimens 
were left for 48 hours enclosed and sealed inside a plastic container to prevent 
evaporation of the silane solution as shown in (Figure 12). Then specimens were 
transferred to a furnace (NEY Vulcan burnout oven, Model 3-550) and warmed to 100 °C 
for 24 hours to dry. 
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Figure 11 Silane components 
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Figure 12 Partially sintered alumina blocks immersed in silane solution 
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Resin mixing protocol 
380 grams of Triethylene glycol dimethacrylate (TEGDMA) were mixed with 
Benzoyl Peroxide (BP) 3 grams using a Gyro-mixer for 2 minutes (Figure 13). Then, 680 
grams of urethane dimethacrylate (UDMA) were added to the TEGDMA-BP solution and 
mixed for 6 minutes (3 cycles of 120 seconds) in a Gyro-mixer. 
 After mixing, the resin solution was kept in a cold room (10 °C) overnight to 
eliminate air bubbles after which it was stored in refrigerator as shown in (Figure 14) 
37 
 
Figure 13 Resin components 
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Figure 14 Resin after mixing 
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Resin infusion process 
The resin infusion apparatus consists of two chambers connected with a tube to 
permit the flow of liquid resin from chamber C to chamber D under vacuum pressure. 
The partially sintered silanized coated alumina matrix blocks were placed in specimen 
chamber (D) and the resin solution was placed in chamber (C) as shown in (Figure 
15,16). Both chambers were isolated, evacuated and left under vacuum pressure of 4x10-2 
torr for 24 hours to ensure that air had been removed from the interior of the cylinders 
and from the resin of. The valve (7) between the two chambers was then open and resin 
was allowed to flow from chamber C to chamber D until the cylinders were completely 
immersed in the resin. The resin infiltrated Alumina matrix blocks kept under pressure 
for 24 hours. The vacuum was then deactivated and specimens were sealed and left to 
soak in the resin for 24 hours. The resin infiltrated Alumina matrix blocks along with 
excess resin were then placed in plastic bags. Each small bag with its single cylinder was 
evacuated and sealed with a heat sealer.  
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Figure 15 The infusion apparatus 
 
 
 
 
 
 
Chamber	C Chamber	D 
8                7                     
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A-Vacuum Pump 
B-Cold Trap 
C-Resin Reservoir Chamber 
D-Infusion (Specimen) Chamber  
E-Waste  
1-Vacuum pump vacuum valve 
2-Air vent 
3-Resin chamber vacuum valve 
4-Infusion chamber vacuum valve 
5-Infusion chamber air vent 
6-Resin chamber air vent 
7-Resin supply valve 
8-Resin drain valve
Figure 16 Infusion apparatus diagram 
41 
Heat curing process 
Resin infiltrated Alumina ceramic blocks were kept under pressure for 24 hours, 
using an isostatic pressure chamber at room temperature (Figure 16). In this study we 
used two different curing pressures 20,001 psi (137.90 MPa) and 23,187 psi (159.86 
MPa) And one curing cycle as shown in (Figure 17).  
 
Figure 17 Isostatic pressing chamber 
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Subsequently, the infused Alumina blocks were removed from the cooled isostatic 
pressure chamber and the plastic bags were removed as shown in (Figure 19). Resin 
around the blocks was trimmed and flat surfaces were polished using a grinding and 
polishing machine (Buehler, Ecomet® 250 Grinder-Polisher with Automet® 250 Power 
head, Product Number:497250) (Figure 20). Block dimensions were measured using a 
digital caliper (Mitutoyo®, Mitutoyo America Corporation, USA). The weight of each of 
the blocks was measured using an analytic balance and the density was calculated. Each 
specimen was glued to the sanded surface of an aluminum stub using Epoxy adhesive 
DP-100FR (3M Scotch-Weld™) (Figure 21,22) under static load for 12 hours.  
Figure 18 Heat curing protocol for resin infused ceramic 
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Figure 19 Resin infused alumina after curing process 
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Figure 20 Buehler, EcoMet® 250 Grinder-Polisher 
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Figure 21 Specimen was attached to stub 
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Figure 22 Epoxy adhesive, DP-100FR, 3M Scotch-Weld™ 
 
Test discs preparation  
Resin infused alumina blocks were prepared for biaxial flexural strength testing. 
Each block was cut into six disc- shaped specimens each two mm thick using a Buehler, 
Isomet® 5000 Linear precision saw (Figure 23-25)  
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Figure 23 Buehler, Isomet®  5000 linear precision saw 
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Figure 24 Specimen during cutting 
 
Then discs were polished using a Buehler, Ecomet® 250 Grinder-Polisher with 
Automet® 250 Power head, Product Number:497250 (Buehler Ltd., Lake Bluff, IL). The 
discs were polished with the 45 and 15 µm diamond discs and finished with 6 and 1 µm 
diamond polishing pastes (Figure 20). Disc dimensions after polishing were measured 
using a digital caliper (Mitutoyo®, Mitutoyo America Corporation, USA) (Figure 26) 
Discs were evaluated as shown to ensure complete infusion of resin using both trans-
illumination and scanning electron microscope. 
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Figure 25 Specimens after being cut into discs and polished 
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Figure 26 Digital caliper  
Biaxial flexural strength test  
Specimen strength was evaluated using a biaxial flexural strength test method. 
The machine used in this study was a Universal testing machine (Instron model 5566A; 
Instron Co., Canton, MA) equipped with a 1 KN load cell and cross head speed of 0.5 
mm/min using BlueHill 3 Software. Specimens were positioned over three hardened steel 
round-end pins that were inserted six mm apart. The loading pin was adjusted to contact 
the center of the specimen. (Figure 27) 
 
51 
 
Figure 27 Biaxial flexural strength test using a sample holder with three steel round 
end pins 
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The biaxial flexural strength, 𝜎, was calculated from the following equation;  
 
                                                𝜎 =  −0.2387𝑃(𝑋 − 𝑌)/𝑑!  
 
 Where 𝜎 = biaxial tensile strength (MPa) 
P = load causing fracture (N) 
X = (1 + v) Ln (!!)! + [(1- v)/2] (!!)!, Y = (1 + v)[1 + Ln (!!)!] + (1 _ v) (!!)! ] 
v = Poisson’s ratio, (0.23) 
A = radius of support circle (mm) 
B = radius of loaded area or ram tip (mm)  
C = radius of specimen (mm) 
d = specimen thickness at fracture origin (mm) 
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Surface roughness test  
Specimen surface roughness was measured using a contact profilometer. The 
device used in this study was a Mitutoyo SJ201 profilometer. First specimens were 
polished with the 45 and 15 µm diamond disc and finished with 6 and 1 µm diamond 
polishing paste for seven minutes using a Buehler polishing machine (Ecomet® 250 
Grinder-Polisher with Automet® 250 Power head, Product Number:497250, Buehler 
Ltd., Lake Bluff, IL). Then the profilometer was calibrated then specimens were placed 
on device’s metal table so that the profilometer stylus contacted the specimen surface as 
shown in (figure 28) and measured Radially. Each specimen was measured at three 
different locations and the mean was calculated. 
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Figure 28 Mitutoyu SJ201 profilometer 
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Young’s modulus test  
Specimen Young’s modulus was measured using the compressive Young’s 
modulus method. The machine used in this study was Instron model 5566A (Instron Co., 
Canton, MA) equipped with a 1 KN load cell and cross head speed of 0.5 mm/min using 
BlueHill 3 Software as shown in (Figure 29) 
 
 
Figure 29 Young’s modulus test 
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The Young’s modulus values were calculated from the following equation:  
 E= stress / strain 
= (F / A) / (dL / L) 
Where 𝐸= Young’s modulus (GPa) 
F  = force (N)  
A  = area of object (m2) 
dL= compression (offset) of the object (m) 
L  = length of the object (m) 
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Hardness test  
Specimen hardness was measured using the Vickers indentation hardness method. 
The machine used in this study was a Universal testing machine (Instron model 5566A; 
Instron Co., Canton, MA) equipped with a 1 KN load cell and cross head speed of 0.5 
mm/min using BlueHill 3 Software. A Diamond Vickers indenter was applied to the 
mirror polished surface of the specimen as shown in (figure 30). Each specimen received 
eight Vickers indentations using a load of 15 N for thirty seconds. After removal of the 
indenter, images of the impressions were captured using a scanning electron microscope 
and d1 and d2 for each image was measured using (ImageJ) software.  
 
Figure 30 Vickers indentation hardness test 
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Then hardness was calculated from the equation: 
HV = 1.854 * (f / d2) 
Where HV = Vickers Hardness (kgf/mm2)  
and then converted to (GPa) by *0.00980665 
f = Load kgf 
d = Arithmetic Mean (mm) 
 
Fracture toughness test  
In this study we measured the fracture toughness of specimens using the Vickers 
indentation fracture toughness test method as proposed by Anstis et al.46 Each specimen 
received eight Vickers indentations using a load of 20 N for thirty seconds. Cracks were 
introduced from each indentation and crack distance was measured using (ImagJ) 
software. (Figure 31-33) 
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Figure 31 Vickers indentation mark 
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Figure 32 SEM picture of indentation with corner crack on the surface 700 
magnification 
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Figure 33 SEM picture of crack extension from the corner 1.80k magnification 
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Fracture toughness calculated using this equation: 
Kc= α√(E/H) (P/C 3/2) 
Where  P is the applied load, 
E =Young’s modulus  
H = is the hardness, and  
C = is the length of the surface trace of the half penny crack measured from the center of 
the indent.  
α = is an empirically determined “calibration” constant, taken to be 0.016 ±0.004 based 
on a fit to experimental data using independent fracture toughness measurements. 
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Statistical Analysis  
 Mean, standard deviation, and coefficient of variation for each group were 
calculated using Excel software 2011 for Windows.  
The biaxial flexural strength, surface roughness, hardness, Young’s modulus and 
fracture toughness data were recorded and One-way ANOVA plus Tukey-Kramer HSD 
were used to test for significant difference (p < 0.05) among different groups.  
 
Examination of microstructure and composition analysis 
Randomly selected specimens from each group were prepared for microstructural 
examination. Each selected specimen was polished and finished to 0.05 um. Then 
specimens were sonicated and dried. Gold/Palladium sputter coating was used and 
images under different magnifications were captured using a scanning electron 
microscope (Field Emission Variable Pressure Analytic Scanning Electron Microscope-
FESEM-VP- Hitachi SU6600 with Oxford Instrument AZtec X-Max 50 SDD Energy 
Dispersive Spectrometer,	Hitachi High Tech, Oxford Instruments) (Figure 34) 
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Figure 34 Scanning electron microscope
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Results 
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Density of Almatis alumina blocks sintered at different temperatures 
 
 The density of partially sintered Almatis alumina ceramic powder at different 
sintering temperatures is shown in (Table 1) and (Figure 35) 
Table 1 Average density of Almatis alumina partially sintered ceramic 
Sintering 
temperature  
(ºC) 
Holding 
Time   
(Hour) 
Average 
Density 
(g/cm3) 
SD 
Coefficient 
of variation 
(%) 
Percent 
ceramic 
phase 
Percent 
porosity 
1050 2 2.38 0.01 0.25 59.72 40.28 
1050 4 2.39 0.00 0.04 59.89 40.11 
1100 2 2.47 0.03 1.21 62.07 37.93 
1125 2 2.53 0.03 1.19 63.62 36.38 
1150 2 2.59 0.02 0.77 65.62 34.38 
1200 2 2.76 0.00 0.07 69.43 30.57 
1250 2 2.90 0.07 2.31 75.33 24.68 
1300 2 3.08 0.02 0.52 77.40 22.60 
1318 2 3.19 0.01 0.16 80.20 19.80 
1325 2 3.27 0.02 0.61 82.07 17.94 
1350 2 3.38 0.02 0.59 85.02 14.98 
67 
 
 
 
Figure 35 Density of partially sintered alumina 
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Biaxial flexural strength of partially sintered resin infused Almatis 
alumina ceramics 
Mean biaxial flexural strengths of resin infused Almatis alumina ceramic discs 
sintered at four different sintering temperatures are shown in (Table 2) and (Figure 36) 
Table 2 Biaxial flexural strength for resin infused alumina 
Sintering 
Temperature  
(ºC) 
Biaxial Flexural 
Strength  
(MPa) 
SD 
Coefficient of 
variation  
(%) 
1050 59.91 35.26 58.85 
1150 81.16 39.56 48.74 
1200 150.23 23.39 15.57 
1250 270.94 30.91 11.41 
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Figure 36 Biaxial flexural strength for resin infused alumina at various 
temperatures  
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Biaxial flexural strength of resin infused Almatis alumina ceramic cured 
at different pressures 
Flexural strength of resin infused Almatis alumina ceramic at two different curing 
pressures and four different densities shown in (Table 3)  
Table 3 Biaxial flexural strength for resin infused alumina at various temperatures 
and two different curing pressures 
Density 
(g/cm3) 
Specimen Pressure during curing 
 
 
20,000 psi	(137.90 MPa) 23,187 psi (159.86 MPa) 
Biaxial 
flexural 
strength 
(MPa) 
SD 
COV 
(%) 
Biaxial 
flexural 
strength 
(MPa) 
SD 
COV 
(%) 
2.38 59.91 35.26 58.85 180.65 51.50 28.51 
2.59 81.16 39.56 48.74 185.67 43.12 23.22 
2.76 150.23 23.39 15.57 265.32 53.97 20.34 
2.90 270.94 30.91 11.41 337.70 57.25 16.95 
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Biaxial flexural strength of partially sintered Almatis alumina ceramics 
not infused with resin 
Mean biaxial flexural strength of Almatis alumina ceramic discs sintered at 
1250ºC are shown in (Table 4) 
Table 4 Biaxial flexural strength for partially sintered alumina at 1250 ºC 
Sintering Temperature   
(ºC) 
Biaxial Flexural 
Strength  
(MPa) 
SD 
Coefficient of 
variation  
(%) 
1250 162.22 28.98 17.87 
 
 
Biaxial flexural strength of resin infused partially sintered Almatis 
alumina ceramics not treated with silane 
Mean biaxial flexural strength of resin infused Almatis alumina ceramic discs 
sintered at 1250 ºC and not treated with silane is shown (Table 5) 
Table 5 Biaxial flexural strength for resin infused not silane treated partially 
sintered alumina at 1250 ºC 
Sintering 
Temperature 
(ºC) 
Biaxial Flexural 
Strength 
(MPa) 
SD 
Coefficient of 
variation 
(%) 
1250 186.80 37.26 19.95 
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Figure 37 Biaxial flexural strength for partially sintered alumina with different 
preparation 
 
 
 
0.00	
50.00	
100.00	
150.00	
200.00	
250.00	
300.00	
350.00	
400.00	
450.00	
1050	 1150	 1200	 1250	 1250/Not	infused			 1250/No	Silane		
Bi
ax
ia
l	F
le
xu
ra
l	S
tr
en
gt
h	
(M
Pa
)	
Sintering	Temperature		(ºC)	
20,000	psi				23,187	psi		
73 
Surface roughness of resin infused Almatis alumina ceramic 
Mean surface roughness of resin infused Almatis alumina ceramic discs sintered 
at different sintering temperatures is shown (Table 6) 
Table 6 Surface roughness of resin infused alumina sintered at various 
temperatures 
Sintering 
Temperature 
 (ºC) 
Surface 
Roughness 
Ra 
(µm) 
SD 
Coefficient of variation  
(%) 
1050 0.12 0.04 34.48 
1150 0.13 0.04 31.75 
1200 0.14 0.06 41.13 
1250 0.21 0.03 15.49 
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Hardness of resin infused Almatis alumina ceramic 
Mean hardness of resin infused Almatis alumina ceramic discs sintered at four 
different temperatures is shown in (Table 7) and (Figure 38) 
Table 7 Hardness of resin infused alumina sintered at various temperatures 
Sintering Temperature  
 (ºC) 
Hardness (HV)  
(GPa) 
SD 
Coefficient of 
variation  
(%) 
1050 1.60 0.03 1.93 
1150 3.52 0.17 4.77 
1200 4.24 0.11 2.69 
1250 6.96 0.25 3.60 
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Figure 38 Hardness of resin infused alumina sintered at various temperatures 
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Young’s modulus of resin infused Almatis alumina ceramic 
Mean Young’s moduli of resin infused Almatis alumina ceramic discs sintered at 
four different sintering temperatures are shown in (Table 8) and (Figure 39) 
Table 8 Young’s modulus of resin infused alumina sintered at various temperatures 
Sintering Temperature 
(ºC) 
Young’s modulus 
(GPa) 
SD 
Coefficient of 
variation 
(%) 
1050 114.46 1.34 1.17 
1150 114.56 2.12 1.85 
1200 119.18 0.63 0.53 
1250 118.86 2.75 2.31 
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Figure 39 Young’s modulus of sintered infused alumina sintered at various 
temperatures 
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Fracture toughness of resin infused Almatis alumina ceramic 
Mean fracture toughness of resin infused Almatis alumina ceramic discs sintered 
at four different sintering temperatures is shown in (Table 9) and (Figure 40)   
Table 9 Fracture toughness of resin infused alumina sintered at various 
temperatures 
Sintering 
Temperature 
 (ºC) 
Fracture Toughness 
(MPa.m^0.5) 
SD 
Coefficient of 
variation  
(%) 
1050  6.08 0.38 6.30 
1150  7.68 0.87 11.29 
1200  8.32 0.92 11.09 
1250  11.67 1.01 8.66 
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Figure 40 Fracture toughness of resin infused alumina sintered at various 
temperatures 
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Hardness of fully sintered Vita alumina 
 Mean hardness of fully sintered Vita In-ceram alumina block was measured. 
Results are shown in (Table 10)  
Table 10 Hardness of fully sintered Vita In-ceram alumina 
Sintering 
Temperature  
 (ºC) 
Hardness (HV)  
(GPa) 
SD 
Coefficient of 
variation  
(%) 
1550 23.64 1.67 7.08 
 
Young’s modulus of fully sintered Vita alumina 
Mean Young’s modulus of fully sintered Vita alumina was measured. Results are 
shown in (Table 11) 
Table 11 Young’s modulus of Vita In-ceram alumina 
Sintering 
Temperature  
(ºC) 
Young’s modulus 
(GPa) 
SD 
Coefficient of variation 
(%) 
1550  130 2.00 1.54 
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Fracture toughness of fully sintered Vita alumina 
Mean fracture toughness of fully sintered Vita alumina was measured. Results are 
shown in (Table 12)  
Table 12 Fracture toughness of fully sintered Vita In-ceram alumina 
Sintering 
Temperature 
 (ºC) 
Fracture Toughness 
(MPa.m^0.5) 
SD 
Coefficient of 
variation (%) 
1550 7.79 0.315 4.05 
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Statistical Analysis  
Mean biaxial flexural strengths of ceramic blocks were analyzed and compared 
with One-way ANOVA and comparison for all pairs using Tukey-Kramer HSD as shown 
in Table 13,15. There was significant difference in the biaxial flexural strength of resin 
infused alumina of different sintering temperatures as shown in (Table 14). The null 
hypothesis that there is no significant difference in effect of sintering temperature on the 
flexural strength of resin-infused alumina ceramics was rejected. Statistically significant 
differences were observed between groups.  The biaxial flexural strength of samples 
sintered at 1250 ºC was significantly higher than the rest of the groups. Biaxial flexural 
strengths of resin infused alumina sintered at 1050 ºC and 1150 ºC are not significantly 
different. However, there was significant difference in biaxial flexural strength of resin 
infused alumina groups sintered at 1250 ºC, non-resin infused alumina and resin infused 
non-silane treated alumina groups. Biaxial flexural strength of resin infused alumina 
sintered at 1250 ºC was significantly higher than non-resin infused alumina and resin 
infused non-silane treated alumina groups as shown in (Figures 41 and 42). 
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Table 13 One-way ANOVA of specimens’ biaxial flexural strength by group  
Biaxial Flexural Strength (MPa) 
One-way analysis of biaxial flexural strength by Group 
Sintering 
Temperature 
(°C)  
Level 
Number  Mean Std Dev 
Std Err 
Mean 
95% Confidence 
Interval 
Lower 
CL 
Upper 
CL 
1050 7 194.874 34.752 13.135 162.730 227.010 
1150 8 185.668 43.120 15.245 149.620 221.720 
1200 7 265.324 53.969 20.398 215.410 315.240 
1250/No 
Silane 
7 186.801 37.260 14.083 152.340 221.260 
1250/Not 
Infused 
6 162.222 28.983 11.832 131.810 192.640 
1250 7 337.700 57.251 21.639 284.750 390.650 
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Table 14 levels not connected by same letter are significantly different 
Connecting Letter Report  
Levels not connected by same letter are significantly different  
Sintering Temperature (°C)  
 Level 
Statistical Significance 
1250 A 
1200 B 
1050 B C 
1250/No Silane C 
1150 C 
1250/Not Infused C 
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Table 15 Comparisons for all pairs using Tukey-Kramer HSD for biaxial flexural 
strength 
Biaxial Flexural Strength (MPa) 
Comparisons for all pairs using Tukey-Kramer HSD 
Sintering 
Temperature (°C)  Difference 
Std. 
Error 
Dif 
95% Confidence Interval  
Lower 
CL 
Upper 
CL 
p-Value 
(+)Level (-)Level 
1250 
1250/Not 
Infused 
175.478 24.521 101.705 249.252 <.0001 
1250 1150 152.033 22.811 83.404 220.661 <.0001 
1250 
1250/No 
Silane 
150.899 23.559 80.020 221.778 <.0001 
1250 1050 142.826 23.559 71.947 213.705 <.0001 
1200 
1250/Not 
Infused 
103.103 24.521 29.329 176.876 0.002 
1200 1150 79.657 22.811 11.028 148.285 0.015 
1200 
1250/No 
Silane 
78.524 23.559 7.644 149.403 0.023 
86 
1250 1200 72.376 23.559 1.497 143.255 0.043 
1200 1050 70.450 23.559 -0.429 141.329 0.052 
1050 
1250/Not 
Infused 
32.653 24.521 -41.121 106.426 0.766 
1250/No 
Silane 
1250/Not 
Infused 
24.579 24.521 -49.194 98.352 0.914 
1150 
1250/Not 
Infused 
23.446 23.803 -48.168 95.060 0.920 
1050 1150 9.207 22.811 -59.422 77.835 0.999 
1050 
1250/No 
Silane 
8.074 23.559 -62.806 78.953 0.999 
1250/No 
Silane 
1150 1.133 22.811 -67.495 69.762 1.000 
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Figure 41 Biaxial Flexural strength for resin infused alumina, not infused and not 
silanized 
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Figure 42 Biaxial flexural strength for (+/-) resin and silane of partially sintered alumina at 1250 ºC 
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Mean biaxial flexural strengths of ceramic blocks were analyzed and compared 
with One-way ANOVA and comparison for all pairs using Tukey-Kramer HSD as shown 
in Table 16 and 18. There was significant difference in the biaxial flexural strengths of 
resin infused alumina of different curing pressures (Table 17). The null hypothesis that 
there is no significant difference in effect of pressure during curing on the flexural 
strength of resin-infused Alumina ceramics was rejected. Statistically significant 
differences were observed between groups with biaxial flexural strength of the high 
curing pressure to low curing pressure for the same density.  Biaxial flexural strength of 
resin infused alumina sintered at 1250 ºC and resin cured at 159.86 MPa were 
significantly higher than the rest of the groups. Resin infused alumina sintered at 1050 ºC 
and 1150 ºC and resin cured at 137.90 MPa was significantly weaker than all groups 
(Figure 43) 
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Table 16 One-way ANOVA of resin infused alumina biaxial flexural strength by 
group, low curing pressure 137.90 MPa and high curing pressure 159.86 MPa 
Biaxial Flexural Strength (MPa) 
One-way analysis of biaxial flexural strength by Group 
Sintering 
Temperature 
(°C)  
Level 
Number  Mean Std Dev 
Std Err 
Mean 
95% Confidence 
Interval 
Lower 
CL 
Upper 
CL 
1050/High 8 180.655 51.504 18.209 137.600 223.710 
1050/Low 7 59.910 35.265 13.329 27.290 92.530 
1150/High 8 185.668 43.120 15.245 149.620 221.720 
1150/Low 7 81.210 39.439 14.906 44.740 117.680 
1200/ High 7 265.324 53.969 20.398 215.410 315.240 
1200/Low 3 150.233 23.389 13.504 92.130 208.340 
1250/High 7 337.700 57.251 21.639 284.750 390.650 
1250/Low 12 270.938 30.910 8.923 251.300 290.580 
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Table 17 levels not connected by same letter are significantly different 
Connecting Letter Report 
Levels not connected by same letter are significantly 
different 
Sintering Temperature (°C)  
 Level 
Statistical Significance 
1250/High A 
1250/Low B 
1200/High A B 
1150/High C 
1050/High C 
1200/Low C D 
1150/Low D 
1050/Low D 
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Table 18 Comparison for all pairs using Tukey-Kramer HSD for resin infused 
alumina biaxial flexural strength  
Biaxial Flexural Strength (MPa) 
Comparisons for all pairs using Tukey-Kramer HSD 
Sintering Temperature 
(°C)  Difference 
Std. Error 
Dif 
95% Confidence Interval 
Lower CL Upper CL p-Value 
(+)Level (-)Level 
1250/High 1050/Low 277.790 23.326 204.078 351.502 <.0001 
1250/High 1150/Low 256.490 23.326 182.778 330.202 <.0001 
1250/Low 1150/Low  211.028 20.755 145.443 276.614 <.0001 
1200/High 1050/Low 205.414 23.326 131.703 279.126 <.0001 
1250/Low 1150/Low 189.728 20.755 124.143 255.314 <.0001 
1250/High 1200/Low 187.467 30.114 92.305 282.628 <.0001 
1200/High 1150/Low 184.114 23.326 110.403 257.826 <.0001 
1250/High 1050/High 157.045 22.585 85.674 228.416 <.0001 
1250/High 1150High 152.033 22.585 80.661 223.404 <.0001 
1150/High 1050/Low 125.758 22.585 54.386 197.129 <.0001 
1050/High 1050/Low 120.745 22.585 49.374 192.116 <.0001 
1250/Low 1200/Low 120.705 28.169 31.690 209.720 0.002 
1200/High 1200/Low 115.091 30.114 19.930 210.252 0.008 
93 
1150/High 1150/Low 104.458 22.585 33.086 175.829 0.001 
1050/High 1150/Low 99.445 22.585 28.074 170.816 0.001 
1200/Low 1050/Low 90.323 30.114 -4.838 185.485 0.074 
1250/Low 1050/High 90.283 19.919 27.340 153.227 0.001 
1250/Low 1150/High 85.271 19.919 22.327 148.214 0.002 
1200/High 1050/High 84.669 22.585 13.298 156.040 0.010 
1200/High 1150/High 79.657 22.585 8.286 151.028 0.019 
1250/High 1200/High 72.376 23.326 -1.336 146.087 0.058 
1200/Low 1150/Low 69.023 30.114 -26.138 164.185 0.318 
1250/High 1250/Low 66.762 20.755 1.176 132.347 0.043 
1150/High 1200/Low 35.434 29.544 -57.926 128.794 0.928 
1050/High 1200/Low 30.422 29.544 -62.938 123.782 0.968 
1150/Low 1050/Low 21.300 23.326 -52.412 95.012 0.983 
1250/Low 1200/High 5.614 20.755 -59.971 71.200 1.000 
1150/High 1050/High 5.013 21.820 -63.938 73.964 1.000 
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Figure 43 Biaxial flexural strength for resin infused alumina at various 
temperatures and curing pressures 
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Mean surface roughness of ceramic blocks was analyzed and compared with One-
way ANOVA comparison for all pairs using Tukey-Kramer HSD as shown in Tables 19 
to 21. There was significant difference in the surface roughness of resin infused alumina 
of different sintering temperatures (Table 20). The null hypothesis that there is no 
significant difference in effect of sintering temperature on the surface roughness of resin-
infused alumina ceramics was rejected. Statistically significant differences in surface 
roughness were observed between groups. Specimens sintered at 1250 ºC were 
significantly higher than specimens sintered at 1050 ºC and1150 ºC.  However, surface 
roughness of resin infused alumina sintered at 1250 ºC is not significantly different than 
the surface roughness of the group sintered at 1200 ºC (Figure 44) 
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Table 19 One-way ANOVA for resin infused alumina surface roughness by group  
Surface Roughness (µm) 
One-way analysis of Roughness by Group 
Sintering 
Temperature 
(°C)  
Level 
Number  Mean Std Dev 
Std Err 
Mean 
95% Confidence 
Interval 
Lower 
CL 
Upper 
CL 
1050 7 0.13 0.05 0.02 0.09 0.17 
1150 8 0.12 0.04 0.01 0.08 0.15 
1200 6 0.15 0.08 0.03 0.07 0.23 
1250 7 0.22 0.04 0.01 0.18 0.25 
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Table 20 levels not connected by same letter are significantly different 
Connecting Letter Report    
Levels not connected by same letter are significantly 
different  
Sintering Temperature 
(°C)   
Level 
Statistical Significance 
1250 A 
1200 A B 
1050 B 
1150 B 
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Table 21 Comparisons for all pairs using Tukey-Kramer HSD for surface roughness  
Surface Roughness(µm) 
Comparisons for all pairs using Tukey-Kramer HSD 
Sintering Temperature 
(°C) Difference 
Std. 
Error 
Dif 
95% Confidence 
Interval 
p-
Value Lower 
CL 
Upper 
CL (+)Level (-)Level 
1250 1150 0.10 0.03 0.03 0.17 0.004 
1250 1050 0.09 0.03 0.01 0.16 0.016 
1250 1200 0.07 0.03 -0.01 0.15 0.110 
1200 1150 0.03 0.03 -0.04 0.11 0.615 
1200 1050 0.02 0.03 -0.06 0.10 0.873 
1050 1150 0.01 0.03 -0.06 0.08 0.965 
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Figure 44 Surface roughness of resin infused alumina sintered at various 
temperatures 
 
 
 
0.00	
0.05	
0.10	
0.15	
0.20	
0.25	
0.30	
1050	 1150	 1200	 1250	
Su
rf
ac
e	
Ro
ug
hn
es
s(
µ
m
)		
Sintering	Temperature		(ºC)	
A	
A,B	B	B	
100 
Mean hardness of ceramic blocks was analyzed and compared with One-way 
ANOVA comparison for all pairs using Tukey-Kramer HSD as shown in Table 22 to24. 
There was significant difference in the hardness of resin infused alumina of different 
sintering temperatures (Table 23). The null hypothesis that there is no significant 
difference in effect of sintering temperature on hardness of resin-infused alumina 
ceramics was rejected. Statistically significant differences in hardness were observed 
between groups.  The hardness of samples sintered at 1250 ºC was significantly higher 
than the rest of the groups. Hardness of fully sintered Vita In-ceram alumina is 
significantly higher than the hardness of samples in the resin infused alumina groups 
(Figure 45) 
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Table 22 One-way ANOVA for hardness by group 
Hardness (GPa) 
One-way analysis of Hardness by Group 
Sintering 
Temperature 
(°C) Level 
Numb
er 
 Mean 
Std 
Dev 
Std Err 
Mean 
95% Confidence 
Interval 
Lower CL Upper CL 
1050 6 1.598 0.030 0.013 1.566 1.631 
1150 6 3.523 0.169 0.069 3.346 3.700 
1200 6 4.244 0.110 0.047 4.124 4.364 
1250 6 6.964 0.252 0.103 6.700 7.228 
Vita alumina 9 23.642 1.673 0.558 22.356 24.928 
 
 
 
 
 
 
 
 
 
 
 
102 
Table 23 levels not connected by same letter are significantly different 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
 
 
Connecting Letter Report    
Levels not connected by same letter are significantly different  
Sintering Temperature (°C)  
 Level 
Statistical Significance 
Vita alumina A 
1250 B 
1200 C 
1150 C 
1050 D 
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Table 24 Comparisons for all pairs using Tukey-Kramer HSD for hardness  
Hardness (GPa) 
Comparisons for all pairs using Tukey-Kramer HSD 
Sintering Temperature (°C)  
Difference 
Std. Error 
Dif 
95% Confidence 
Interval 
 
p-
Value 
Lower 
CL 
Upper 
CL (+)Level (-)Level 
Vita alumina 1050 22.043 0.477 20.654 23.433 <.0001 
Vita alumina 1150 20.119 0.477 18.729 21.508 <.0001 
Vita alumina 1200 19.398 0.477 18.009 20.787 <.0001 
Vita alumina 1250 16.678 0.477 15.289 18.067 <.0001 
1250 1050 5.366 0.522 3.844 6.887 <.0001 
1250 1150 3.441 0.522 1.919 4.963 <.0001 
1250 1200 2.720 0.522 1.199 4.242 0.000 
1200 1050 2.645 0.522 1.124 4.167 0.000 
1150 1050 1.925 0.522 0.403 3.447 0.008 
1200 1150 0.720 0.522 -0.801 2.242 0.646 
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Figure 45 Hardness of resin infused alumina sintered at various temperatures and 
fully sintered Vita In-ceram alumina 
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Mean Young’s moduli of ceramic blocks were analyzed and compared with One-
way ANOVA comparison for all pairs using Tukey-Kramer HSD as shown in Table 25 to 
27. There was no significant difference in the Young’s modulus of resin infused alumina 
of different sintering temperatures and fully sintered Vita In-ceram alumina (Table 26). 
The null hypothesis that there is no significant difference in effect of sintering 
temperature on the flexural strength of resin-infused alumina ceramics was not rejected. 
No statistically significant differences were observed between resin-infused alumina 
groups sintered at different temperatures (Figure 46) 
Table 25 One-Way ANOVA of Young’s modulus by group 
Young’s modulus (GPa) 
One-way analysis of Young’s modulus by Group 
Sintering 
Temperature 
(°C)  
Level 
Number  Mean Std Dev 
Std Err 
Mean 
95% Confidence 
Interval 
Lower CL Upper CL 
1050 4 117.617 2.265 1.132 114.010 121.220 
1150 4 121.092 3.606 1.803 115.350 126.830 
1200 4 126.135 7.547 3.774 114.130 138.140 
1250 3 126.303 6.969 4.024 108.990 143.610 
Vita alumina 3 130.000 2.000 1.155 125.030 134.970 
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Table 26 levels not connected by same letter are significantly different 
Connecting Letter Report  
Levels not connected by same letter are significantly different  
Sintering Temperature (°C)  
 Level 
Statistical Significance 
Vita alumina A 
1250 A B 
1200 A B 
1150 A B 
1050 B 
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Table 27 Comparisons for all pairs using Tukey-Kramer HSD for young modulus 
Young’s modulus (GPa) 
Comparisons for all pairs using Tukey-Kramer HSD 
Sintering Temperature (°C)  
Difference 
Std. 
Error 
Dif 
95% Confidence Interval  
p-
Value 
Lower CL Upper CL 
(+)Level (-)Level 
Vita alumina 1050 12.384 3.851 0.259 24.508 0.044 
Vita alumina 1150 8.909 3.851 -3.216 21.033 0.202 
1250 1050 8.687 3.851 -3.438 20.811 0.220 
1200 1050 8.519 3.565 -2.706 19.743 0.179 
1250 1150 5.212 3.851 -6.913 17.336 0.665 
1200 1150 5.044 3.565 -6.181 16.268 0.630 
Vita alumina 1200 3.865 3.851 -8.259 15.989 0.849 
Vita alumina 1250 3.697 4.116 -9.264 16.658 0.893 
1150 1050 3.475 3.565 -7.750 14.700 0.862 
1250 1200 0.168 3.851 -11.956 12.292 1.000 
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Figure 46 Young’s modulus of resin infused alumina sintered at various 
temperatures and fully sintered Vita In-ceram alumina 
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Mean fracture toughness of ceramic blocks was analyzed and compared with 
One-way ANOVA comparison for all pairs using Tukey-Kramer HSD as shown in 
Tables 28 to30. There was significant difference in fracture toughness of resin infused 
alumina of different sintering temperatures and fully sintered Vita In-ceram alumina 
(Table 29). The null hypothesis that there is no significant difference in the effect of 
sintering temperature on the fracture toughness of resin-infused alumina ceramics was 
rejected. Statistically significant differences were observed between groups. Specimens 
sintered at 1050 ºC exhibited significantly lower fracture toughness than the rest of the 
groups. The fracture toughness measurements of resin infused alumina sintered at 1250 
ºC are significantly higher than fracture toughness of specimens sintered at 1050 ºC and 
1150ºC. However, there was no significant difference in fracture toughness between 
specimens sintered at 1050 ºC, 1150 ºC and the fully sintered Vita In-ceram alumina. 
(Figure 47) 
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Table 28 One-way ANOVA of Fracture toughness by group 
Fracture Toughness (MPa.m^0.5) 
One-way analysis of fracture toughness by Group 
Sintering 
Temperature 
(°C)  
Level 
Number  Mean Std Dev 
Std Err 
Mean 
95% Confidence 
Interval 
Lower CL Upper CL 
1050 6 6.082 0.383 0.157 5.680 6.484 
1150 6 7.679 0.867 0.354 6.769 8.589 
1200 6 8.320 0.923 0.377 7.352 9.289 
1250 6 11.670 1.011 0.413 10.609 12.731 
Vita alumina 9 7.792 0.334 0.111 7.535 8.049 
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Table 29 levels not connected by same letter are significantly different 
Connecting Letter Report  
Levels not connected by same letter are significantly 
different 
Sintering Temperature (°C)  
 Level 
Statistical Significance 
Vita alumina A 
1250 B 
1200 B 
1150 B 
1050 C 
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Table 30 Comparisons for all pairs using Tukey-Kramer HSD for fracture 
toughness 
Fracture Toughness (MPa.m^0.5) 
Comparisons for all pairs using Tukey-Kramer HSD 
Sintering Temperature (°C) 
Difference 
Std. 
Error 
Dif 
95% Confidence 
Interval 
 
p-
Value Lower CL Upper CL 
(+)Level (-)Level 
1250 1050 5.588 0.419 4.367 6.809 <.0001 
1250 1150 3.991 0.419 2.770 5.212 <.0001 
1250 Vita alumina 3.878 0.383 2.763 4.993 <.0001 
1250 1200 3.350 0.419 2.129 4.571 <.0001 
1200 1050 2.238 0.419 1.017 3.460 0.000 
Vita 
alumina 
1050 1.710 0.383 0.595 2.825 0.001 
1150 1050 1.597 0.419 0.376 2.818 0.006 
1200 1150 0.641 0.419 -0.580 1.862 0.553 
1200 Vita alumina 0.528 0.383 -0.586 1.643 0.644 
Vita 
alumina 
1150 0.113 0.383 -1.002 1.228 0.998 
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Figure 47 Fracture toughness of resin infused alumina sintered at various 
temperatures and fully sintered Vita In-ceram alumina	
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Weibull modulus and characteristic strength  
Estimates of Weibull modulus and characteristic strength of each material are 
presented in (Table 31). The increase in sintering temperature combined with resin 
infusion significantly increase the Weibull modulus and characteristic strength of the 
material.  
Table 31 Weibull modulus and characteristic strength at various sintering 
temperatures and different preparation  
Sintering Temperature  
(ºC) Weibull Modulus Characteristic strength  
1050 6.70  208.55 
1150 5.03  202.22 
1200 6.54  285.72 
1250 7.32  360.20 
1250/Not infused 6.72  173.76 
1250/No Silane 6.77  200.68 
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Statistical correlation between density and fracture toughness  
There is no statistical correlation between density and fracture toughness as 
shown in (Figure 48) 
 
Figure 48 Correlation between density and toughness 
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Statistical correlation between density and flexural strength 
There is statistical correlation between density and flexural strength but it is not 
highly significant as shown in (Figure 49).  
 
Figure 49 Correlation between density and biaxial flexural strength	
	
	
Response Density
Whole Model
Regression Plot
60
65
70
75
De
ns
ity
100 150 200 250 300 350 400 450
Strength
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)
0.55796
0.541588
3.797917
67.41379
29
117 
Statistical correlation between flexural strength and fracture toughness   
There is statistical correlation between flexural strength and fracture toughness 
but it is not highly significant as shown in (Figure 50).  
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Figure 50 Correlation between biaxial flexural strength and 
fracture toughness	
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Scanning electron microscope	
 Each material was investigated with a scanning electron microscope at 1000, 
2500, 8000 and 15,000x magnifications for characterization and crack length 
measurements. Results are shown in (Figures 51 to 80). 
1. Resin infused Almatis alumina ceramic sintered at 1050 °C (Figures 51-56) 
2. Resin infused Almatis alumina ceramic sintered at 1150 °C (Figures 57-62) 
3. Resin infused Almatis alumina ceramic sintered at 1200 °C (Figures 63-68) 
4. Resin infused Almatis alumina ceramic sintered at 1250 °C (Figures 69-74) 
5. Vita In-ceram alumina ceramic sintered at 1550  °C (Figures 75-80) 
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1. SEM pictures for resin Infused Almatis alumina ceramic sintered at 1050°C 
 
Figure 51 SEM picture of resin infused alumina sintered at 1050 °C, 1000x 
magnification 
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Figure 52 SEM picture of resin infused alumina sintered at 1050 °C, 2500x 
magnification 
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Figure 53 SEM picture of resin infused alumina sintered at 1050 °C, 8,000x 
magnification 
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Figure 54 SEM picture of resin infused alumina sintered at 1050 °C, 15,000x 
magnification 
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Figure 55 SEM picture of Vickers indentation of resin infused alumina sintered at 
1050 °C, 450x magnification	
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Figure 56 SEM picture of crack distance resin infused alumina sintered at 1050 °C, 
8000x magnification	
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2. SEM pictures for resin Infused Almatis alumina ceramic sintered at 1150°C 
 
Figure 57 SEM picture of resin infused alumina sintered at 1150 °C, 1000x 
magnification 
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Figure 58 SEM picture of resin infused alumina sintered at 1150 °C, 2,500x 
magnification 
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Figure 59 SEM picture of resin infused alumina sintered at 1150 °C, 8,000x 
magnification 
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Figure 60 SEM picture of resin infused alumina sintered at 1150 °C, 15,000x 
magnification 
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Figure 61 SEM picture of Vickers indentation of resin infused alumina sintered at 
1150 °C, 700x magnification	
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Figure 62 SEM picture of crack distance of resin infused alumina sintered at 1150 
°C, 1,800x magnification	
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3. SEM pictures for resin Infused Almatis alumina ceramic sintered at 1200°C 
 
Figure 63 SEM picture of resin infused alumina sintered at 1200 °C, 1,000x 
magnification 
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Figure 64 SEM picture of resin infused alumina sintered at 1200 °C, 2,500x 
magnification 
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Figure 65 SEM picture of resin infused alumina sintered at 1200 °C, 8,000x 
magnification 
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Figure 66 SEM picture of resin infused alumina sintered at 1200 °C, 15,000x 
magnification 
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Figure 67 SEM picture of Vickers indentation of resin infused alumina sintered at 
1200 °C, 800x magnification	
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Figure 68 SEM picture of crack distance of resin infused alumina sintered at 1200 
°C, 2,000x magnification	
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4. SEM pictures for resin Infused Almatis alumina ceramic sintered at 1250°C 
 
Figure 69 SEM picture of resin infused alumina sintered at 1250 °C, 1,000x 
magnification 
138 
 
Figure 70 SEM picture of resin infused alumina sintered at 1250 °C, 1,000x 
magnification 
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Figure 71 SEM picture of resin infused alumina sintered at 1250 °C, 8,000x 
magnification 
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Figure 72 SEM picture of resin infused alumina sintered at 1250 °C, 15,000x 
magnification 
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Figure 73 SEM picture of Vickers indentation of resin infused alumina sintered at 
1250 °C, 900x magnification	
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Figure 74 SEM picture of crack distance of resin infused alumina sintered at 1250 
°C, 2000x magnification	
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5. SEM pictures fully sintered In-ceram Vita alumina ceramic 
 
Figure 75 SEM picture of Vita In-ceram AL sintered at 1550 °C, 1,000x 
magnification 
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Figure 76 SEM picture of Vita In-ceram AL sintered at 1550 °C, 2,500x 
magnification 
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Figure 77 SEM picture of Vita In-ceram AL sintered at 1550 °C, 8,000x 
magnification 
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Figure 78 SEM picture of Vita In-ceram AL sintered at 1550 °C, 15,000x 
magnification 
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Figure 79 SEM picture of Vickers indentation of Vita In-cream AL sintered at 1550 
°C, 1,300x magnification	
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Figure 80 SEM picture of crack distance of Vita-Inceram AL sintered at 1550 °C, 
3,000x magnificat
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Partially sintered resin infused Almatis alumina had regularly shaped ceramic 
particles with different sizes ranging from 3 to 5 microns mixed with smaller particles.  
At 1050 °C, ceramic particles were distributed without an interconnected structure. The 
particles had sharp edges with absence of necking. 
At 1150 °C, large ceramic particles started connecting to each other, but most of ceramic 
particles remained isolated. 
At 1200 °C, interconnected structures were observed in some areas. A majority of large 
ceramic particles were interconnected to each other. However, distance between ceramic 
particles was reduced. 
At 1250 °C, interconnected networks were present. All particles were interconnected to 
each other. The particle edges became rounded and wide necking and small size 
porosities existed. 
For Vita-Inceram alumina 1550 °C, fully sintered, the texture appeared 
homogenous with organized crystalline structure. All particles were fused together and 
very small size porosities existed. The microstructure appears very dense and did not 
show any network structure.  
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Effect of sintering temperature on density 
Almatis alumina ceramic powder was the only ceramic powder used in this study. 
The typical particle size for this ceramic powder is 0.5 µm. It is classified as a high fusing 
temperature ceramic, which is characterized by high strength, low translucency and stable 
shape during repeated sintering.    
Density of partially sintered alumina is affected by sintering temperature. As the 
sintering temperature increases the density of ceramic blocks increases as shown in 
Figure 35.  
Previous studies have found that small alumina particle size (0.3-0.5 µm) has a 
significant effect on partially sintered alumina matrix density due to higher surface 
energy, greater sintering rate and higher density. In this study the purpose of making 
partially sintered alumina blocks was to prepare an interconnected porous matrix for 
second phase infusion by controlling the porosity size during densification sintering. 
When the sintering temperature increased, the grain growth increased, and the inter-
particle contact that occurs led to a decrease in the amount and size of porosity. 
Consequently, the density of specimens that were sintered at high temperature (1350 °C) 
was higher than the density achieved at low temperatures (1050 °C). The results of this 
study are consistent with the results of previous studies by Chaiyabutr.41 
 
 
152 
Effect of sintering temperature on biaxial flexural strength 
Biaxial flexure testing is recognized as a reliable method for studying the strength 
of brittle materials “ISO 6872”. The primary advantage of this method is that tensile 
stress occurs within the central loading area and edge failures can be eliminated. Also, the 
specimen thickness, diameter and shape are standardized.47 
In this study, the biaxial flexural strength of partially sintered Almatis alumina 
ceramic was greater at high sintering temperature as shown in (Figure 41). Ceramics 
mostly achieve strength by reducing the amount and size of the porosity during sintering. 
As the sintering temperature increases, the density of the ceramic increases, which results 
in less porosity, and greater inter-particle contact. Subsequently, bridging between 
particle grains and neck formations between alumina particles occurred. Stronger necks 
can disperse energy into many directions.  
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Effect of curing pressure on biaxial flexural strength 
In this study, resin Infused alumina blocks were cured at 90 °C with two different 
curing pressures, 20,001 psi (137.90 MPa) and 23,187 psi (159.86 MPa) respectively. 
Biaxial flexural strengths of resin infused specimens at high curing pressure were 
significantly higher than the strengths of resin infused specimens formed at low curing 
pressure (Figure 43). In addition there is an increase in biaxial flexural strength because 
of the impact of the pressure on the monomer mixture during the polymerization reaction. 
It reduces intermolecular distance and decrease free volume. As result, monomer 
molecule mobility will be restricted and slow kinetics polymerization will decrease 
polymerization shrinkage. Moreover, high isostatic curing pressure improves infiltration 
of the second phase because it forces the monomer mixture to infiltrate deeper into the 
ceramic block as shown in (Figure 81).  A previous study by Nguyen found that both 
biaxial flexural strength and fracture toughness of resin significantly increase when resin 
is cured at high temperature and high isostatic pressure. 48,49 
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Figure 81 Resin infused alumina cured at 20,001 psi on the right and 23,187 psi on 
the left 
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Effect of resin and silane on biaxial flexural strength 
Resin and silane together significantly improved the strength of partially sintered 
alumina. In this study, the biaxial flexural strengths of partially sintered silane treated 
resin infused specimens were about two times greater than partially sintered non-infused 
specimens and partially sintered resin infused non-silane treated specimens as shown in 
(Figure 42).  
There are two possible explanations for this strength after resin infusion.  
 One explanation is that a reduction of the total number of porosities from the infiltration 
process by resin occurs. Since alumina blocks are partially sintered and 75% dense 
leaving 25% porous network, resin can fill these porosities and make another network.  
The second explanation is that the residual stresses from polymerization shrinkage of heat 
cured resin can shield crack tips and offset tensile stresses generated from micro 
defects.41  
The effect of the silane coupling agent on the flexural strength of resin infused 
alumina cannot be ignored, since silane treated specimens show higher flexural strength 
than non-silane treated specimens. This can be explained by the mechanism of silane 
coupling agent which promotes adhesion between the inorganic ceramic matrix and the 
organic resin network and improves the resin infusion process by increasing the 
wettability of the ceramic matrix.41 
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Effect of sintering temperature on surface roughness 
 Surface roughness measures the polishing quality of the material. A smooth 
surface restoration is required to prevent retention of plaque and is needed to maintain 
good oral hygiene. In this study, partially sintered resin infused alumina specimens 
sintered at 1250ºC showed a significant increase in surface roughness as shown in (Figure 
44). As the sintering temperature increases, the grain growth increases, and stronger neck 
formation occurs. During polishing, resin material wears off from the surface of the 
specimen and the ceramic matrix remain intact due to a stronger connection between 
ceramic particles. As a result, alumina ceramic clusters were pulled out from the surface 
during polishing, some ceramic spikes remained, and surface quality was compromised 
as shown in (Figures 82 and 83). In contrast, with specimens sintered at 1050ºC, both 
ceramic matrix and resin wears off simultaneously from the surface of the specimens 
during the polishing procedure and more highly polished surface is obtained. 
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Figure 82 SEM picture of clusters which were removed from the surface during 
polishing of resin infused alumina sintered at 1250 °C, 1000x magnification 
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Figure 83 SEM picture of clusters came out from the surface during polishing of 
resin infused alumina sintered at 1250 °C, 8000 magnification 
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Effect of sintering temperature on hardness 
 Hardness is defined as the resistance of the material to permanent surface 
indentation or penetration. It is one of major surface mechanical properties of the 
material. Also, it determines the ease of machining and the degree of chipping during the 
milling process. Most ceramic materials relatively have higher hardness values than 
enamel.  
In this study, progressive increase in sintering temperature significantly increases 
hardness of resin infused alumina specimens as shown in (Figure 45). As the sintering 
temperature increases, the density of alumina ceramic increases. Assuming the density of 
the interpenetrating phase composite increased due to the increased matrix density, this is 
quite significant. This increase in density can be explained by the reduction in the number 
and size of defects under isostatic pressure as shown in SEM characterization. Also, 
another factor for the improved hardness values in this study is the fact that high curing 
pressure led to low polymerization shrinkage by bringing monomer molecules closer 
together and more homogenous than in mass polymerization. Previous study by Nguyen 
proved similar results from curing resin composites at high pressure and high 
temperatures for commercially available CAD/CAM materials. 48,49 
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Effect of sintering temperature on Young’s modulus 
 Young’s modulus also referred as the modulus of elasticity is denoted by the 
variable E. The elastic modulus represents the stiffness of a material within the elastic 
range. It can be determined from a stress-strain curve by calculating the ratio of stress to 
strain or the slope the linear region of the curve. 
 This study shows that Young’s modulus of resin infused alumina increased as the 
sintering temperature increased but was not statistically significant, as shown in (Figure 
46). This can be explained by the increase in density as the sintering temperature 
increased. High sintering temperatures increase the grain size and inter-particles contact 
of ceramic particles and develop strong neck formation within the ceramic matrix. As a 
result of strengthening the ceramic matrix, the stiffness of the specimen improved.  
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Effect of sintering temperature on fracture toughness 
 Fracture toughness is an important material property. It is defined as the ability of 
a material to resist crack propagation. The higher the fracture toughness values, the 
higher the clinical reliability and fracture resistance of the ceramic restoration. Fracture 
toughness value is measured by Kc which represents the critical stress intensity level at 
which catastrophic failure occurs from critical micro defects. Hence, every new dental 
ceramic restoration should be investigated with respect to fracture toughness and flexural 
strength before being introduced to the market.  
 Many test methods are available to evaluate fracture toughness values. In the 
present study, the indentation fracture toughness technique was used due to its simplicity 
and economical advantage. 46,50 The greatest benefit of this technique is the use of a small 
amount of specimen area. Many studies used the same methodology to determine fracture 
toughness in the past. 51-53 
 In this study, fracture toughness of partially sintered resin infused alumina 
increases as the sintering temperature increases as shown in Figure 47. Fracture 
toughness values of sintered alumina are very dependent on the microstructure. High 
sintering temperature increases grain size and generates stronger neck formations, which 
increase the strength of the ceramic network.41 Ceramic grains can counteract crack 
propagation and prevent crack extension by elevating the stress level to reduce fracture. 
Furthermore, with interpenetrating phase composite materials with unique interconnected 
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microstructure, the crack will eventually interact with two different matrix materials. The 
residual stresses from the polymerization shrinkage of heat-cured resin constrain the 
system and counteract the tensile stress of the crack tip, which prevents the crack from 
propagating. Ultimately, the strength of ceramic and resin networks influences the 
strength and fracture toughness of the materials. 
 Chaiyabutr studied the fracture toughness of partially sintered resin infused 
alumina of different particle size. She used a single edge notch beam test to evaluate 
fracture toughness. The author found the fracture toughness values (SD) of alumina 
particle 0.3–0.5 um and <0.3 um to be 3.20 MPa.m^0.5 (0.58) and 3.43 (0.31) 
MPa.m^0.5, respectively. Values were significantly lower than those of the present study. 
This difference in fracture toughness values could be related to the differences in 
specimen preparation and the method of evaluation of fracture toughness.41 
 Vita In-ceram, a commercially available ceramic material was used in this study 
for comparison with the partially sintered resin infused alumina that was produced in this 
study. Fracture toughness values of partially sintered resin infused alumina sintered at 
1250° C was significantly higher than the value for Vita In-ceram alumina. 
 Yilmaz investigated the fracture toughness of Vita-Inceram alumina. They used 
the indentation fracture toughness method to study fracture toughness. They found the 
fracture toughness value (SD) of In-Ceram alumina to be 4.78 (0.18) MPa.m^0.5. The 
fracture toughness values in the present study are relatively high when compared to those 
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measured by Yilmaz et al. This could be due to the intrinsic difficulty in obtaining an 
objective crack length measurement and the residual stress fields associated with crack 
production. Also, slow crack growth occurred immediately after loading the indenter and 
the time between the indentation and crack measurement is very crucial for fracture 
toughness. 50,53,54 
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Conclusions 
 
 
 
 
 
 
 
 
 
 
165 
Within the limitations of this in vitro study, the following conclusions can be drawn: 
1. Sintering temperature had significant effect on grain size, porosity and density of 
alumina ceramics. 
2. Increasing the curing pressure from 20,001 psi to 23,187 psi had significant effect 
on biaxial flexural strength.  
3. Increasing sintering temperature from 1050 ºC to 1250 ºC had significant effect 
on biaxial flexural strength of resin infused alumina. 
4. Resin infusion significantly improves biaxial flexural strength of partially sintered 
alumina. 
5. Silane treatment significantly improves biaxial flexural strength of resin infused 
alumina. 
6. Increasing sintering temperature from 1050 ºC to 1200 ºC had no statistically 
significant effect on surface roughness of resin infused alumina, but specimens 
sintered at 1250 ºC had statistically significant different values for surface 
roughness of resin infused alumina. 
7. Increasing sintering temperature from 1050 ºC to 1250 ºC had significant effect 
on the hardness of resin infused alumina.  
8. Increasing sintering temperature from 1050 ºC to 1250 ºC had no significant 
effect on the Young’s modulus of resin infused alumina.  
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9. Increasing sintering temperature from 1050 ºC to 1250 ºC had significant effect 
on the fracture toughness of resin infused alumina.  
10. Almatis alumina interpenetrating phase ceramic had better fracture toughness than 
fully sintered Vita In-ceram alumina. 
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